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This paper addresses the issue of energy propagation features in ribbed panels over a wide frequency range. First, a tool
for estimating the wave propagation characteristics of one- and two-dimensional structures by k-space analysis is pre-
sented. This tool uses a concept of Inhomogeneous Wave Correlation with sparse measured or extracted data, and leads
to the estimation of h-dependent wavenumbers. Here, the method is employed with the sparse simulated and measured
normal velocities of a set of ribbed panels and new insights into their k-space behavior are highlighted. Behavior is essen-
tially characterized at low frequencies by structural orthotropy. Comparisons with homogenized data show very good
agreement. At higher frequencies, a new behavior pattern is observed and explained both numerically and experimentally.
This is a multi-modal waveguide type of propagation in a direction parallel to the ribs.
 2007 Elsevier Ltd. All rights reserved.
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Ribbed panels are widely used in mechanical engineering. Such structures are used extensively in automo-
tive, aerospace and civil engineering. In most of these applications, ribbed panels to some extent ensure a com-
promise between static constraints (in terms of their apparent rigidity) and their weight. However, many
questions arise when considerable dynamical constraints are imposed on ribbed panel designs. This is the case
for instance, in vibroacoustic applications, where both complex rigidity and mass play an important role in the
physical mechanisms of structural and acoustical energy transfer.
Understanding the dynamic behavior of rib-stiﬀened plates is still an important issue in vibroacoustics.
The study of the sound transmission and radiation of these structures is one of the main ﬁelds of interest.
The aim is to be able to predict structure-borne sound propagation and transmission of built-up structures0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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mined to provide analytical deterministic descriptions (Norton, 2003; Graﬀ, 1991; Grice and Pinnington,
2000a,b) as well as statistical formulations (Bremner, 1994; Lyon and DeJong, 1995) of their vibroacoustic
behavior. Many researchers have studied the problem of wave propagation in ribbed panels and many mod-
els are available in the literature. However, two criticisms can be formulated. First, most of the previous
studies of rib-stiﬀened structure behavior have essentially focused on the low frequency behavior of these
structures, whereas vibroacoustics concerns a wide frequency range. Second, there is still a lack of experi-
mental data capable of proving the validity of the proposed models. This paper and its companion paper
seek to address these shortcomings.
A rapid analysis of the literature on the problem at hand brings to light many attempts to address the
wave propagation features of such complex structures. For instance, long ago Timoshenko (Timoshenko,
1921; Timoshenko and Woinowski-Krieger, 1989) proposed a homogenized model, also called in this paper
the structural orthotropy model (as introduced by Orenius and Finnveden in reference (Orrenius and Finn-
veden, 1996)). The idea behind this model is very simple. An orthotropic two-dimensional model is pro-
posed to deal with ﬂexural waves in the rib-stiﬀened plate. Conservation of mass allows deﬁning the
equivalent mass density factor, while pure static considerations allow determining the equivalent stiﬀness
values in all directions of the structure. Furthermore, an analytical wave propagation analysis was pro-
vided, for instance, by Fahy and Lindqvist (1976) and more recently by Grice and Pinnington
(2000a,b). Fahy and Lindqvist (1976) studied wave propagation in damped structures consisting of ﬂat
plates stiﬀened by one beam or two parallel beams. Their study was based on the existence of a pure ﬂex-
ural motion in the plates and bending/torsion of the ribs. Dispersion curves were therefore derived ana-
lytically and discussion of damping treatments for such structures was provided. Grice and Pinnington
(2000a,b) oﬀered an analytical investigation of a plate-stiﬀened beam, with insight into power injected
and transmitted through built-up structures. Their analysis considered a two scale approach to the prob-
lem, consisting of long- and short-wavelengths that occur in the beam and in the plate. Another contri-
bution to the subject was oﬀered by Orrenius and Finnveden (1996). In this contribution, a numerical,
rather than analytical tool was provided with a view to estimating wave propagation characteristics
through a spectral approach. Deeper analysis of the materials provided will be discussed in the companion
paper (Ichchou et al., 2007), where a comparison between, analytical (Fahy and Lindqvist, 1976) and
numerical (Houillon et al., 2005; Mencik and Ichchou, 2005, 2007; Mace et al., 2005; Finnveden, 2004;
Gavric, 1994) wave parameter estimation as well as experiments is provided to illustrate original concepts
relating to the subject. The laboratory experiment consists in dispersion curve identiﬁcation. The analysis of
the resulting dispersion curve should provide new insight into the global dynamical behavior of ﬂexural
waves in rib-stiﬀened plates.
The question of identifying wave propagation parameters has attracted some interest in the literature,
especially for one-dimensional structures. For example, McDaniel et al. (2000) used a wave approach to
identify the loss factor, by using a complex wavenumber. The wave approach allows estimating this loss
factor over a densely discretized frequency bandwidth. In contrast, the identiﬁcation of propagation con-
stants is a diﬃcult task for two-dimensional structures. Very few contributions can be found in the available
literature. For instance, Ferguson et al. (2002) recently proposed a method dealing with a windowed ﬁeld of
the normal displacement of a plate. This made it possible to identify a unique dominant wavenumber in the
considered area. Furthermore, the authors very recently proposed an identiﬁcation tool capable of extract-
ing the k-space properties from distributed calculated and measured data. This tool uses an optimization
process of an energy-like index. The index is obtained via a correlation between a given ﬁeld and a well
referenced wave. The optimization extracts the wave content corresponding to the given ﬁeld. The method
was brieﬂy introduced and validated (Ferguson et al., 2002) for homogeneous plates. Its detailed use is pre-
sented here for cases of ribbed plates. More details and discussion of this method are provided in Halkyard
(2007). Further tentatives for wavenumber identiﬁcation was tested based on Prony series analogies (Bert-
haut et al., 2003; Zaghlool, 1980). It was shown in Berthaut et al. (2003) that such tentatives are very sen-
sitive to noisy data and to the quality of inputs. The objective of this part of the paper is twofold. First, to
apply the proposed identiﬁcation method to stiﬀened structures numerically and experimentally and to study
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agation features obtained.
The paper is organized as follows. Section 2 provides a brief outline of the wave extraction technique
employed. This is a sort of generalized Continuous Fourier Transform with a damping-like treatment. The
method uses a sparse measured or calculated ﬁeld as an input and provides its k-space features. It is thus
applied to a numerically computed ﬁeld (through ﬁnite elements) for a ribbed panel test case in Section 3.
Analysis of numerical experiments makes it possible to validate the homogenized model in the low fre-
quency domain. Beyond a certain frequency value, the homogenized model becomes irrelevant and the
ribbed panel exhibits several new propagation features. Section 4 applies the method to full experimental
data. An experimental set-up with a ribbed panel is then described and k-space treatments of the exper-
imental data obtained are discussed. The treatment conﬁrms the phenomenon observed when numerical
data were employed. Section 5 is thus the main concern of this work. It provides an in-depth discussion
of the results. The propagation singularities are ﬁrst explained. Moreover, in Section 6, by implementing k-
space ﬁltering and inverse-like treatments, the dispersion curves along the ribs are obtained, clearly show-
ing the multi-mode behavior in the propagation process involved in ribbed panels. The document is com-
pleted with conclusions and remarks that form the basis for the second part of the paper (Ichchou et al.,
2007).
2. Outline of some k-space tools
This section mainly aims at presenting a new method that can provide propagation constants, especially for
two-dimensional structures. Such structures are deﬁned below in the (x,y) plane. The method assumes a har-
monic ﬁeld w^ðx; yÞ (where the x-dependence is comprised in the hat symbolb), either from a harmonic exci-
tation or from a temporal Fourier transform, given by:wðx; y; tÞ ¼
Z þ1
0
w^ðx; yÞeixtdx ð1ÞThe method known here as the Inhomogeneous Wave Correlation technique (IWC) extends available k-space
tools through a rigorous optimization process. Among such available k-space tools, the Discrete Fourier
Transform (DFT) and the Continuous Fourier Transform (CFT) are the most frequently employed. For
the sake of clarity, DFT and CFT are brieﬂy described in order to underline the novelty of the proposed
IWC approach.
2.1. Discrete and Continuous Fourier Transform
Discrete Fourier Transform (DFT) is used extensively in many areas of engineering. Its applications cover
signal processing and all related technical areas. In practice, DFT assumes that
(H1): The displacement ﬁeld w^ðx; yÞ is given in a uniform grid ðxi ¼ iDx; yj ¼ jDyÞ 06j6N21
06i6N11
: Dx and Dy are the
space increments along x and y axis, respectively, N1 and N2 are the number of measured data along
axes x and y, respectively.
(H2): Outside this grid the ﬁeld is assumed to be 2D-periodic (n symbol deﬁnes the euclidian ratio residue),
namely:8i; j 2 N2; w^ðiDx; jDyÞ ¼ w^ðði n N 1ÞDx; ðj n N 2ÞDyÞ ð2ÞIt can be readily shown that the family of exponential functions with discrete wavenumbers:ðkxp ¼ pDkx; kyq ¼ qDkyÞ 06q6N21
06p6N11
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single format:1 Wa
the claw^ðxi; yjÞ ¼
XN11
p¼0
XN21
q¼0
b^wðkxp; kyqÞeıðkxpxiþkyqyjÞ ð3Þ
The Discrete Fourier Transform w^ ! b^w is thus the following:b^wðkxp; kyqÞ ¼ 1N 1N 2 X
N11
i¼0
XN21
j¼0
w^ðxi; yjÞeıðkxpxiþkyqyjÞ ð4ÞThe DFT has two main advantages and two important drawbacks. The main advantages of the DFT are bijec-
tivity and rapidity. Bijectivity: The DFT being bijective, an inverse transform is possible (Inverse DFT). The
IFDT thus allows easy ﬁltration in the k-space. Rapidity: Very fast data processing can be achieved by using a
Fast Fourier Transform (FFT) like algorithm. Its disadvantages are aliasing, leakage and poor resolution. Ali-
asing: Due to ﬁeld discretization, its DFT is 2pDx-periodic:b^wðkx; kyÞ ¼ b^w kx þ 2pDx ; ky
 
¼ b^w kx; ky þ 2pDy
 
This property implies erroneous DFT treatments for ﬁelds comprising wavenumbers kx outside the domain
½ pDx pDx or ky outside ½ pDy pDy. Leakage is another concern of the method: the ﬁeld w^ is given in a ﬁnite space,
a singular wave (kx,ky) which should appear in the k-space as a Dirac distribution, will appear as a cardinal
sine shape. k-Space discrimination: the wave content of the given ﬁeld w^ is only known in a k-space grid. Wave
vectors are poorly estimated (very weak k discrimination).
The Continuous Fourier Transform (CFT) aims mainly to improve the k-space discrimination described
above. The CFT therefore tries to estimate the wave content of a given ﬁeld for all possible values of (kx,ky).
For this reason, the assumption (H2) is not considered. The ﬁeld is considered nil outside measurement loca-
tions. The CFT deﬁnition is thus the following:b^wðkx; kyÞ ¼ XN11
i¼0
XN21
j¼0
w^ðxi; yjÞeıðkxxiþkyyjÞ ð5ÞSuch a transform is not yet bijective as new information is artiﬁcially invented in the CFT process, but the
CFT can be evaluated for any wavenumber value, making it very precise. Moreover, the ﬁeld processed does
not need to be given in a uniform grid. However, for each measured location ðxi; yiÞi2NN the corresponding
elementary surface dSi should be estimated.2.2. Inhomogeneous Wave Correlation method (IWC)
We now introduce an inhomogeneous wave, noted bok;c;h (a wave with heading h, c wave attenuation1 and
apparent wavelength 2pk ). It is deﬁned as follows:bok;c;hðx; yÞ ¼ eikðhÞ 1þicðhÞð Þ xcosðhÞþysinðhÞð Þ ð6Þ
Then, the correlation between this inhomogeneous wave and the complete wave ﬁeld is calculated, using the
following formula:IWCðk; c; hÞ ¼
RR
Sw^  bok;c;h dxdy ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃRR
S jw^j2 dxdy 
RR
Sjbok;c;hj2dxdyq ð7Þve attenuation is a means of introducing damping. Lyon and DeJong (1995) formulate the link between this wave attenuation and
ssical damping loss factor as: c ¼ gcu2cg , with cu and cg being the phase and group velocities, respectively.
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leads to maximization (with a ﬁxed h) of the function (k,c) ! IWC(k,c,h). To apply the IWC method in prac-
tice, it is ﬁrst assumed that the wave ﬁeld w^ is known on arbitrary data points ðxi; yiÞi2Nn . The integrations over
the complete surface S in Eq. (7) are replaced by a ﬁnite weighted sum:Z Z
S
 dxdy $
X
n
qiSi ð8Þwhere qi is the coherence of the measurement data at pointMi (qi = 1 if the coherence is not available), and Si
is an estimation of the surface around point Mi. The algorithm ﬁrst puts angle h into a discrete set of values
(hj). For each of these angles, the maximum of IWC is located at a value (kj,cj). Thus the method creates two
functions h! k(h) and h! c(h) deﬁned on a set of discrete values (hj). Finally, the trio ðhj0 ; kj0 ; cj0Þ is removed
from the list if cj0 is greater than 1. The identiﬁed wavenumber correspond to a wave heading in the structure.
The optimization process can be uses to remove ﬁctitious waves. Extending the Continuous Fourier Trans-
form, which deals with arbitrary grid data, the IWC method employs similarly arbitrary distributed data
points, with the possibility of using measured coherence signals (if available). In practice, the spacing resolu-
tion needed depend on the quality of expected wavenumber estimation. Indeed, the estimation error follow a
inverse spacing tendency. Previous work (Ferguson et al., 2002) windowed the ﬁeld to avoid the eﬀect of a
near-ﬁeld due to sources and boundary conditions. However the near-ﬁeld mainly corresponds to imaginary
wavenumbers. The introduction of a loss factor makes it possible to distinguish the near-ﬁeld from the far-
ﬁeld: the near-ﬁeld corresponds to a high apparent loss factor (imaginary part of the wavenumber greater than
its real part). The algorithm using the IWC method can eliminate the identiﬁed wavenumbers with high appar-
ent loss factors. This allows the use of the vibrational ﬁeld of the whole surface S of the structure. It should be
noted that the input ﬁeld can be either experimental or numerical. In the following section, this method will be
applied to a ribbed panel structure tested numerically and experimentally.3. Ribbed panel case study: numerical experiments
This section applies the method explained previously to the case of numerically simulated data. The sim-
ulated stiﬀened plate geometry is shown in Figs. 1 and 2. For the sake of simplicity, the ribs are chosen with
rectangular sections (see Fig. 1). The ribs were made of steel, while the plate was in aluminum. The numerical
simulations were conducted using a Finite Element software package. A 3D element model was established.
The model was reﬁned to ensure computation convergence. Computations consisted in calculating the dis-
placement ﬁeld in the ribbed plate under harmonic excitation. Excitation is either located in the plate or in
the ribs. Free boundary conditions was adopted along the plate edges. A constant modal damping of 0.004
was used in the numerical calculation. The transverse displacement induced was thus extracted numerically
over a wide frequency range (up to 2500 Hz).
h? deﬁnes rib orientation with regard to the (x,y) plane. Two sets of calculations were performed to check
the general nature of the expected results. The corresponding data is given in Table 1 and referred to below as
case A and case B (all dimensions are given in the international unit system). The displacement ﬁeld obtained
from FE simulations is dealt with by the IWC algorithm discussed above. The result of such investigations is
the k-space plot, representing the propagation within the ribbed panel studied. The results obtained are then
compared to the equivalent orthotropic model obtained from a quasi-static homogenization process. This pro-
cess is given in full in Appendix A, where the equivalent mass density and stiﬀnesses are calculated explicitly asFig. 1. Ribbed panel geometry.
Fig. 2. The ﬁnite element model of the ribbed panel.
Table 1
Geometrical properties of tested cases (international unit system)
Area h a · b p Angle (h?)
Case A 4 5 · 103 20 · 106 0.25 45
Case B 4.84 5 · 103 20 · 106 0.3 20
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cern case A, whereas Figs. 5 and 6 concern case B. A relatively low frequency (200 Hz) and high frequency
(2000 Hz) are chosen to illustrate the dominant behavior. The ﬁgures are the (kx,ky) propagation behaviors
at ﬁxed frequencies. The rib orientations deﬁne a (kx0 ; ky0 ) plane used below for clarity (x 0 is the rib direction,
while y 0 is the direction orthogonal to the ribs). (kx0 ; ky0) is obtained through a h? rotation of (kx,ky). All these
ﬁgures show three diﬀerent plots. A dashed line plot is included. It represents the equivalent orthotropicFig. 3. Dispersion curve for the ribbed panel (frequency 200 Hz – case A): the dashed line indicates the homogenized model.
Fig. 4. Dispersion curve for the ribbed panel (frequency 2000 Hz – case A): the dashed line indicates the homogenized model.
Fig. 5. Dispersion curve for the ribbed panel numerically simulated (frequency 200 Hz – case B): the dashed line indicates the
homogenized model.
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deﬁned in Fig. 1), the remaining results are those of the IWC.
Both Figs. 3 and 5 show the same behavior. Indeed, at this low frequency the homogenized model and that
identiﬁed through IWC are in relatively good agreement. An elliptic orthotropy thus characterizes the behav-
ior at low frequencies and conﬁrms the pertinence of the homogenized model. However, as the frequency
increases many discrepancies appear, the equivalent model overestimates the IWC results, especially along
the propagation direction orthogonal to the ribs (noted here as ky0 ). Several new propagation features appear
clearly (as can be seen in Figs. 4 and 6). Indeed, for higher frequencies, new propagation branches with con-
stant kx0 are visible. These branches are of ﬁnite length and are either located close to the structural orthotropy
Fig. 6. Dispersion curve for the ribbed panel simulated numerically (frequency 2000 Hz – case B): the dashed line indicates the
homogenized model.
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whereas only one exists at the lowest frequency and much more (up to three) should appear for higher frequen-
cies. Such segments are kx0 centered and appear in pairs with a ky0 symmetry. It should be pointed out that the
results obtained are not sensitive to the excitation locations in the ribbed panel or on the boundary conditions
used in the numerical simulations.
Such behavior has never been observed and will be explained in Sections 5 and 6. The experimental vali-
dation of the observations commented here is given in Section 4.4. Ribbed panel case study: experiments
In order to experimentally verify the results obtained, an experimental set-up was performed using a ribbed
panel. To ﬁt experimental requirements, the mechanical characteristics of the experiment were as follows:
ribbed plate area 1.2 · .9 m2, thickness h of 1.25 mm, rib section a · b = 10 · 4 mm2, angle h? = 110. The
plate and the stiﬀeners were made of aluminum. This structure was excited by a point force using an electro-
dynamic shaker Bru¨el & Kjær 4809. This structure was freely suspended and partially clamped (as indicated in
Fig. 7) in order to verify its sensitivity to the boundary conditions. The normal velocity of the panel was mea-
sured by a scanning laser vibrometer (Ometron VPI+). The phase reference was obtained by a force trans-
ducer Bru¨el & Kjær 8001. Both signals were sampled with a Hewlett Packard Paragon 35654A. The data
obtained from the transfer functions directly provided a ﬁeld ðw^ðxi; yiÞÞi2Nn .
The damping treatment illustrates an interesting feature of the IWC method. Since the near-ﬁeld provided
by singularities is automatically eliminated, the results are dependent neither on sources (nature and location)
nor on boundary conditions. In order to verify this feature, the previous ribbed panel was tested with a dif-
ferent mounting (one side was partially clamped). The results of this test were compared to the previous ones
in Fig. 8b. Although the exact position of each identiﬁed wavenumber k was dependent on the boundary con-
ditions, both the global aspect of the dispersion curve and the identiﬁed orthotropic model remained similar.
Other tests demonstrated that the identiﬁcation depended neither on the plate’s geometry nor on the source
location.
The dispersion curves corresponding to the experimental set-up for a number of discrete frequencies are
given in Fig. 9. The frequency band involved was the [100 Hz,3200 Hz] interval, but the experiments were per-
Fig. 7. Experimental set-up for the partially clamped ribbed panel.
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Fig. 8. IWC results for a ribbed panel: experiments.
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as mid high frequency behavior.
Fig. 9 provides the k-space propagation features from the IWC treatment of experimental results. The
results are shown for various discrete frequencies from 100 Hz up to 3200 Hz. These results clearly show what
was established numerically. Indeed, elliptic orthotropic behavior is shown at low frequencies (up to approx-
imately 700 Hz). Beyond this frequency, kx0 constant segments appear. The number of these segments increases
with frequency. One segment is visible at 900 Hz, two at 1600 Hz and ﬁnally three propagation segments are
observable at 3200 Hz. The k-space plot at 3200 Hz is slightly perturbed with noisy measurements.5. Interpretation of the k-space features in ribbed panels
5.1. Guided waves in ribbed plates
This section is devoted to the physical interpretation of the propagation features observed numerically and
experimentally. The best way to achieve this is to explain the contribution of each propagation segment to the
Fig. 9. Dispersion curve from experimental results treatments.
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Transform (DFT) that has the advantage (in comparison to CFT or to IWC) of being perfectly bijective.
Hence, from an inverse DFT of a given k-space data, the corresponding w^ðx; yÞ ﬁeld can be readily computed.
Thus given the ﬁeld w^ DFT, ‘‘manual’’ ﬁltering is carried out. Wave amplitudes such as kx0 > threshold
þ or
kx0 < threshold
 are set to zero. The threshold values are found manually so that only the segment correspond-
ing to a constant kx0 value is kept in the k-space. The inverse DFT of the remaining k-plot is thus calculated.
The overall process is summarized in Fig. 10, where the 2400 Hz second propagation segment has been
ﬁltered.
The rebuilt ﬁeld shown in Fig. 10d seems well organized. In Fig. 11 a 2D plot of the resulting ﬁeld is given
(rib locations were marked for clarity). The ﬁeld clearly shows sinusoidal behavior in space and a propagative
character. Indeed, in the x 0 direction, as the DFT was ﬁltered, the contribution to the ﬁeld exhibits an eıðkx0 x
0Þ
dependency and therefore corresponds to a propagative wave along x 0. Along the direction y 0, the ﬁeld ampli-
tude is nil along the ribs whilst two lobes (positive and negative) exist between the ribs. Indeed, a perfect sine
between the ribs is visible in Fig. 11. Such lobes are propagated along y 0. More precisely, function
ky0 ! DFTðkx0 ; ky0 Þ has a perfect Hermitian symmetry (even real part and odd imaginary part), so that the
waves deﬁned by ðkx0 ; ky0 Þ and ðkx0 ;ky0 Þ create a stationary wave. Consequently, the propagation segment rep-
resents a mode in the y 0 direction. The following analysis allows the propagation mode concept to be deﬁned.
Namely, a ﬁeld which is propagative along one direction and stationary along the other. The propagation
mode analyzed in Fig. 11 appears to be the second propagation mode. The same treatment for the ﬁrst prop-
agation segment shown in Fig. 10 provides another propagating mode with only one lobe between the ribs as
Fig. 10. The three step process (DFT, k-space ﬁltering and IDFT): (a) the 2400 Hz spatial velocity, (b) DFT of the spatial ﬁeld, (c) k-space
ﬁltering of a propagation segment, (d) IDFT of the propagation segment.
Fig. 11. Spatial representation of second mode (1st propagation segment).
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shape retains the same sign between ribs (see Fig. 12). It was expected that more discrete propagating modes
would appear at higher frequencies. The nth propagating mode would have a deformed shape with n lobes. An
attempt to reach the 3rd propagating mode with the available measurements was performed without convinc-
ing success. The spatial resolution of the measurements was not suﬃcient to allow precise representation of the
phenomenon.
Further comments can also be taken from the analysis of the lobe phases. The phase of the local ﬁeld shown
in Fig. 11 seems to be independent from the phase of its neighbors. Two adjacent local ﬁelds sometimes had
the same phase and sometimes not. This is a perfect waveguide concept.
Ribbed plates therefore appear as a juxtaposition of nearly independent waveguides with only certain dis-
crete kx0 values allowed. The deﬁnition of such discrete values will be dealt with in the next section. Their full
numerical/analytical calculation will be the main concern of the second part of the paper, together with a
numerical/experimental comparison (Ichchou et al., 2007).5.2. Guided wave dispersion curves
In order to facilitate the comparison between numerical kx0 calculations, provided in detail in the compan-
ion paper, the dispersion curve associated with the experimental data is now reviewed. The objective is to fur-
nish the kx0 ðxÞ function for all the propagating modes discovered in the previous section. A dedicated
algorithm should thus be deﬁned in order to identify the propagation segments appearing in the wave space.
The ﬁrst assumption for achieving this goal consists in reducing the IWC to a given direction (by detecting
maximums). However, this simple approach is very sensitive to leakage which artiﬁcially introduces a few rel-
ative maximums.
The algorithm implemented in this work makes the most of the topology of the propagation branch.
Indeed, as discussed before, such propagation branches are parallel to ky0 . Therefore the idea is to project
the wave space on the kx0 axis, so that all the segment points contribute to the detection of the maximum dis-
persion curve. So, from the CFT of the ﬁeld w(x,y), each point CFT(kxp,kyq) is projected on the kx0 axis, so
that:k0p;q ¼ kx cosðh?Þ þ ky sinðh?Þ ð9Þ
CFT0p;q ¼ CFTðkxp; kyqÞ ð10ÞThis operation creates a function k 0 ! CFT 0 with an arbitrary k 0 sampling (k0p;q are not uniformly distributed).
A rearrangement of the resulting amplitudes with a regular sampling is thus carried out to facilitate the treat-Fig. 12. Spatial representation of ﬁrst mode (2nd propagation segment).
M.N. Ichchou et al. / International Journal of Solids and Structures 45 (2008) 1179–1195 1191ment. An increment dk 0 (for instance here dk 0 = 0.05 rad/m) is therefore set, and a new discrete function
i ! CFT0i is created:8iP 0; N2i ¼ p; q=i 6
jk0p;qj
dk0
< iþ 1
 
; CFT0i ¼
X
ðp;qÞ2N2i
CFT0p;q
  ð11Þ
The absolute value around k0p;q (in the sum index set N
2
i ) allows waves propagating with the same velocity
(wavenumbers kx0 and kx0) to be connected. The relative phase is thus ignored and the proposed technique
concentrates on the wave amplitudes. Ultimately a ﬁltering operation is performed to limit leakage. For in-
stance, ﬁltering can be achieved by the convolution of the ðidk0Þ ! CFT0i function with a calibrated Hanning
window (e.g. 10 rad/m width).
The proposed three step algorithm result (projection! counting! ﬁltering) is illustrated in Fig. 13. This
ﬁgure shows the operation output at 2400 Hz. In this ﬁgure the structural orthotropy limit is indicated.
Indeed, the propagation segment of interest only appears after the structural orthotropy, so only maximums
after the
ﬃﬃ
x
p
D1=4x
limit will be extracted. The wavenumbers kðiÞx sought are the maximum abscissas. Fig. 14 shows the
orthotropy limit and indicates the maximums found. This ﬁgure clearly shows that two maximums and two
propagating modes are detected as also shown in Fig. 9 which represents the 2400 Hz k-space of the ﬁeld. It
should be noted that the proposed technique is sensitive to two main parameters, namely: dk 0 and the Hanning
window width noted here BW. When implementing the ﬁltering process, a slight variation of the increment dk 0
does not aﬀect the results (for convenience this increment should be at a distance of less than two CFT points).
The BW parameter should be carefully chosen as it strongly aﬀects the detection process. Indeed, on the one
hand, if BW is too weak, the ﬁltering does not smooth the objective function suﬃciently and a large number of
local maximums can be detected (such maximums may correspond mainly to: numerical and measurement
errors, k-space discretization eﬀects and to leakage). On the other hand, if the BW is too high, the propagating
modes will not be visible in the extracted function. In practice a parametric analysis is needed in order to reﬁne
this parametric choice. For the experimental ﬁeld at hand, the typical BW value was from 2 to 12 rad/m. Fre-
quency scanning then provides the ðx; kðiÞx Þ relationship plot as indicated in Fig. 14. This ﬁgure shows the dis-
persion curve associated with multi-mode waves propagating in the ribbed panel.0 20 40 60 80 100 120 140 160 180
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Fig. 13. Projection and ﬁltering process.
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Fig. 14. CFT projection on kx0 axis in the ribbed panel case: multi-mode dispersion curve.
1192 M.N. Ichchou et al. / International Journal of Solids and Structures 45 (2008) 1179–1195The ﬁgure clearly shows one, two and three propagating modes appearing successively as frequency
increases. This ﬁgure conﬁrms the ﬁndings of the previous sections. Analytical and numerical investigations
are compared to the dispersion curve provided in the companion paper (Ichchou et al., 2007).
6. Concluding remarks
This paper aimed to provide new insights into the dynamical behavior of rib-stiﬀened panels. Wave prop-
agation analysis in such structures over a wide frequency range was the major objective. The main results can
be thus be summarized as follows:
– A technique was presented called the Inhomogeneous Wave Correlation IWC, which is used to identify a
complete h-dependent dispersion equation. This method deals with measurement data from an arbitrary
mesh of a 2D structure. The method appears to be an improvement on the classical k-space approach,
mainly DFT and CFT. Its feasibility on anisotropic panels was shown, and the results appear to be inde-
pendent of geometry, boundary conditions and source locations.
– Application of the proposed k-space tool to rib-stiﬀened panels clearly shows two frequency regions. In the
ﬁrst frequency band (below the structural orthotropy limit), the dispersion curve is clearly elliptic and
respects the expected homogenized tendencies. Above the structural orthotropy limit, a new behavior
was detected numerically and experimentally. Singular propagation branches appear with speciﬁc topology
and symmetry.
– The propagation singularities observed were explained. Through several manipulations in the k-space, the
ﬂexural spatial ﬁeld associated with each propagation branch was rebuilt. This ﬁeld was shown to describe a
pure propagative behavior along the rib direction and a stationary behavior in the direction orthogonal to
the ribs. Moreover, repetition of the analysis for further propagation branches allows their classiﬁcation as
frequency increases. Indeed, each propagation branch appearing in the k-space is associated with a guided
propagation mode with a ﬁxed wavenumber (kx0 ðxÞ) along the rib direction. The number of guided prop-
agation modes increases substantially with an increase in frequency. This leads to a multi-mode wave prop-
agation process in the rib-stiﬀened plate.
M.N. Ichchou et al. / International Journal of Solids and Structures 45 (2008) 1179–1195 1193– Finally, the guided wave dispersion curve fully represented by the kx0 ðxÞ function was discussed. This func-
tion becomes the main unknown in the wave propagation analysis of such structures. A detailed algorithm
was proposed and implemented in order to extract this function rigorously from the k-space results
obtained. Obtaining the kx0 ðxÞ function will facilitate comparisons with analytical and numerical estima-
tions of guided wave properties in rib-stiﬀened plates.
Further investigations are presented in the companion paper (Ichchou et al., 2007) to enrich the discussion.
More speciﬁcally, analytical and numerical methods allowing the prediction of wave propagation properties
in the rib-stiﬀened plates are given. Comparisons with the experiments described in this section complete the
topics addressed here.Appendix A. Ribbed plate homogenized parameters
The homogenized model employed in this text is described analytically in this appendix. The deﬁnition of
the equivalent plate parameters are thus the main topic. As shown in Fig. 15 (a,b,h,p) deﬁnes the ribbed plate
geometry. Below ZG is the mid-plane position. The mechanical parameters employed (q,Ex,Ey,Gxy,mxy and
myx ¼ mxyðEx=EyÞ) are, respectively, associated with the index, p for the plate, r for the ribs and H to the homog-
enized plate. x is the rib axis and y its orthogonal direction. For the sake of simplicity, the following notations
are introduced:eEx ¼ Ex
1 mxymyx ¼
Ex
1 m2xy ExEy
; eEy ¼ Ey
1 myxmxy ¼
Ey
1 m2xy ExEy
ð12ÞThe mid-plane position, corresponding to the center mass, is readily deﬁned as follows:Zðqpphþ qrabÞ ¼ h
2
qpphþ hþ b
2
 
qrab ð13Þso thatZ ¼
h
2
qpphþ ðhþ b
2
Þqrab
qpphþ qrab ð14ÞThe equivalent thickness of the homogenized plate is then given by (ZG ¼ 12 hH). Hence, the equivalent mass
density is:qH ¼ q
php þ qrab
hHp
ð15ÞThe ﬂexural stiﬀness along the y axis (perpendicular to the ribs) corresponds to the stiﬀness of the plate alone
(along the length p  a) and to the plate and rib stiﬀness. Both stiﬀnesses are connected in series. The ﬁrst part
inertia is (see Fig. 16):Fig. 15. Homogenization.
Fig. 16. y equivalent stiﬀness.
Fig. 17. x equivalent stiﬀness.
1194 M.N. Ichchou et al. / International Journal of Solids and Structures 45 (2008) 1179–1195D1y ¼
h3
12
eEpy ð16ÞThe Kœnig theorem gives the inertia of the second part (with regard to a given Zy position):D2y ¼ eEpy h312þ h Zy  h2
 2 !
þ eEry b312þ b Zy  h b2
 2 !
ð17ÞZy is set so as to minimize the obtained inertia (17), so that:Zy ¼
eEpy h2 þ eEryb2 þ 2eErybh
2 eEpy hþ eEryb 	 ð18Þ
Ultimately the stiﬀness of the connection in series leads to the equivalent stiﬀness:p
DHy
¼ p  a
D1y
þ a
D2y
so that DHy ¼
D1y
1 ap
D2yD1y
D2y
ð19ÞThe equivalent Young’s modulus is thus readily deﬁned as follows:eEHy ¼ 12ðhHÞ3 DHy ð20Þ
Along x (rib direction), the stiﬀness is a connection in parallel (over a period p) with a plate part (length p) and
a rib (length a). The global inertia around a given axis deﬁned by Zx is the following (see Fig. 17):DHx ¼ eEpx ph h212þ Zx  h2
 2 !
þ eErxab b212þ Zx  h b2
 2 !
ð21ÞZx such that the inertia minimum is achieved, so:Zx ¼
eEpx ph2 þ eErxab2 þ 2eErxabh
2 eEpx phþ eErxab 	 ð22Þ
Finally, the equivalent Young’s modulus is:eEHx ¼ 1p 12ðhHÞ3 DHx ð23Þ
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